In 2013, all NEXRAD WSR-88D units in the United States were upgraded to dual polarization. Dual polarization allows for the identification of precipitation particle shape, size, orientation, and concentration. In this study, dual-polarization NEXRAD observations from 34 recent events are used to identify the bulk microphysical characteristics of a specific subset of mesoscale convective systems (MCSs), the leading-line trailing-stratiform (LLTS) MCS. NEXRAD observations are used to examine hydrometeor distributions in relative altitude to the 08C level and as a function of storm life cycle, precipitation source (convective or stratiform), and storm environment. The analysis reveals that graupel particles are the most frequently classified hydrometeor class in a layer extending from the 08C-level altitude to approximately 5 km above within the convective region. Below the 08C level, rain is the most frequently classified hydrometeor, with small hail and graupel concentrations present throughout the LLTS system's life cycle. The stratiform precipitation region contains small graupel concentrations in a shallow layer above the 08C level, with pristine ice crystals being classified as the most frequently observed hydrometeor at higher altitudes and snow aggregates being classified as the most frequently observed hydrometeor at lower altitudes above the environmental 08C level. Variations in most unstable convective available potential energy (MUCAPE) have the largest impact on the vertical distribution of hydrometeors, because more-unstable environments are characterized by a greater production of rimed ice.
Introduction
Mesoscale convective systems (MCSs) have been the focus of many previous studies because of their unique dynamical characteristics and impact on the large-scale circulation, their substantial contribution to precipitation (especially during the summer), and their association with severe and/or hazardous weather at Earth's surface (tornadoes, hail, wind, lightning, and flash flooding). Representing MCSs in numerical models requires a detailed understanding of their dynamical and microphysical (cloud and precipitation particle) characteristics, of which the latter are not as well understood. The dynamical characteristics of MCSs have been studied extensively in the tropics and midlatitudes (e.g., Zipser 1969; Houze 1989 Houze , 2004 Houze et al. 1989; Biggerstaff and Houze 1991) . MCSs contain both convective and stratiform precipitation (Houze et al. 1990; Houze 2004 ) and develop internal circulations as their life cycles progress. They are typically defined as ''a cumulonimbus cloud system that produces a contiguous precipitation area ;100 km or more in at least one direction,'' which we adopt in this study (Houze 2004) . The most common MCS type, known as the leading-line trailing-stratiform (LLTS) MCS (Parker and Johnson 2000) , features a front-to-rear ascending flow originating at the leading edge of the gust front, which then travels through the convective region and into the upper levels of the stratiform region, and a rear-to-front descending flow originating at the base of the stratiform cloud terminating near the leading convection Houze 1985, 1987) . The rear-to-front flow (commonly referred to as a rear-inflow jet or RIJ) arises as a dynamical response to the mean heating within the convective line (Schmidt and Cotton 1990; Pandya and Durran 1996; Fovell 2002) .
Microphysical processes directly affect buoyancy and convective fluxes through condensate loading and latent a Current affiliation: Cooperative Institute for Mesoscale Meteorological Studies, Norman, Oklahoma. heating/cooling (Bryan and Morrison 2012) . These impacts can influence the dynamical characteristics of organized convection. One of the more notable impacts is through the development of the low-level cold pool. The low-level cold pool is driven by diabatic cooling, which is primarily associated with the evaporation of raindrops and the melting of snow aggregates in the stratiform rain region of MCSs. The balance between the low-level cold pool and environmental shear is argued to be important for sustaining MCSs by affecting their rate of evolution (e.g., Rotunno et al. 1988) .
Much of the knowledge of the kinematic and microphysical structure of MCSs can be attributed to numerous field campaigns, such as the Preliminary Regional Experiment for STORM-Central (PRE-STORM; Cunning 1986), the Bow Echo and Mesoscale Convective Vortex Experiment (BAMEX; Davis et al. 2004) , and the Midlatitude Continental Convective Clouds Experiment (MC3E; Jensen et al. 2016 ). Both ground-based and airborne observations were used to document these characteristics and their associated processes. Airborne observations have provided extensive in situ observations of the stratiform region, providing particle size distributions (PSDs) and ''habits'' (particle type) for validation and development of model parameterizations. However, because of the hazards associated with flying through or near convection, the convective region remains poorly sampled from aircraft. In addition, all aircraft observations are limited as a result of the narrow spatial and temporal extent of observations within individual MCSs. On the other hand, ground-based radar observations can provide continuous sampling of MCSs with large spatial and temporal coverage, with some loss of information at the smallest spatial scales that is due to limitations of radar sampling.
More recent studies have used polarimetric (dual polarization) radar observations to understand the bulk microphysics of MCSs, particularly focusing on tropical systems associated with the Madden-Julian oscillation (MJO) and on systems in West Africa (e.g., Bouniol et al. 2010; Evaristo et al. 2010; Rowe and Houze 2014; Barnes and Houze 2014) . Rowe and Houze (2014) concluded that the frequency of individual hydrometeor types varied with storm size and MJO activity, but the mean shape of the vertical profiles did not vary a considerable amount unless the radar echo was partitioned into convective and stratiform components. Barnes and Houze (2014, hereinafter BH14) analyzed the microphysical characteristics relative to mesoscale airflow patterns of mature MJO convection. Although it has been documented that MCSs are kinematically similar throughout the world, the hydrometeor structure of tropical MCSs most likely differs from continental MCSs because of the differences in aerosol content, thermodynamic profile, and convective intensity between marine and continental air masses (Zipser 1977; LeMone and Zipser 1980; Zipser and LeMone 1980; Keenan and Carbone 1992; LeMone et al. 1998) .We therefore hypothesize that the hydrometeor structures of midlatitude continental MCSs are different from tropical oceanic MCSs.
To the authors' knowledge, there have not been any studies utilizing a large dataset of polarimetric radar observations and linking those observations to microphysical processes within midlatitude LLTS MCSs over the continental United States (CONUS). Previous studies have evaluated a limited number of case studies to arrive at their conclusions, with many of the cases studied being those observed during the field campaigns outlined above. The conclusions drawn from individual cases may not always be representative of a large number of storms. Inherent variability in the hydrometeor distributions may arise from variations in their environmental characteristics, synoptic forcing, and organization.
In this study, polarimetric observations from Next Generation Weather Radar (NEXRAD) Weather Surveillance Radar-1988 Doppler (WSR-88D) systems in the CONUS of 34 recent MCSs are used to develop an understanding of the bulk microphysical characteristics of midlatitude LLTS systems. We focus solely on these systems given that they are the most frequently observed. We employ techniques to merge individual radar observations into large-area, three-dimensional composites for analysis; a fuzzy-logic hydrometeor classification algorithm; and a radar echo classification algorithm to enable a detailed physical understanding of these events. Bulk hydrometeor distributions within LLTS systems are examined in terms of the near-storm environment in which they form, their life cycle (developing, mature, and dissipating stages), and their internal structure (convective or stratiform).
Data and methods

a. Radar observations
This study utilizes level-II polarimetric radar data from the NEXRAD WSR-88D network to quantify bulk hydrometeor distributions of 34 continental midlatitude MCSs (see Table 1 ). Each NEXRAD volume used in this study includes the following polarimetric variables: radar reflectivity at horizontal polarization Z H , differential reflectivity Z DR , differential propagation phase shift f DP , and copolar correlation coefficient r HV . Rather than f DP , which suffers from a considerable amount of random noise, this study uses one-half of its range derivative-the specific differential phase K DPfor analysis. In this study, K DP is computed using firstorder centered differencing on f DP observations that are first smoothed using a 7.5-km radial running-mean filter. These variables provide important microphysical information that can be used to classify hydrometeor distributions in storms. Hydrometeor size can be inferred from Z H since Z ; D 6 , which is valid at S band for these storms (i.e., reflectivity is proportional to the sixth moment of the PSD), although particle concentration can also change Z H . Shape information is provided by both Z DR and K DP . Since Z DR is a reflectivity-weighted observation of particle shape, it reveals information about the shape of the largest hydrometeor in a sampling volume (Seliga and Bringi 1976, 1978) . In addition, K DP provides information on the concentration (or total mass) of anisotropic hydrometeors in a sampling volume. Last, r HV is a measure of the diversity of hydrometeors within a sampling volume, including large variations in orientation, phase, or shape. For more detailed information on the polarimetric radar variables and their physical interpretations, see available textbooks (e.g., Doviak and Zrnić 1993; Bringi and Chandrasekar 2001) and review papers (e.g., Straka et al. 2000; Kumjian 2013a,b,c) .
High-resolution, large-area composites of multiple radar volumes were created by merging all individual radar observations, which were obtained from the National Centers for Environmental Information (NCEI; NOAA/NWS/ROC 1991), onto a common grid following the methods used in the publicly available Gridded NEXRAD WSR-88D Radar (GridRad; http:// gridrad.org/) dataset (Homeyer 2014; Homeyer and Kumjian 2015) . To summarize briefly, observations within 300 km in range from each individual radar contributing to the domain of an MCS throughout its life cycle were binned in space and time at 5-min intervals on a 0.028 3 0.028 (;2 km) longitude-latitude grid with 1-km vertical resolution. The radar observations were weighted spatially in range and in time relative to that of the composite using a Gaussian weighting function. An example of the large-area composite, including vertical cross sections of each of the four polarimetric variables used in this study, is shown in Fig. 1 .
The compositing technique employed in this study is ideal for trying to understand the bulk characteristics of these systems, since it allows for analysis of the entire volume and life cycle of an MCS. However, given the 1-km vertical resolution of the merged radar data, microphysical processes on scales smaller than the composite may be missed altogether. To overcome this limitation and analyze hydrometeor distributions at a finer vertical resolution (250 m), we also analyze the original single-radar observations for each MCS at close ranges to the radar. Since the polarimetric observations are typically less reliable beyond ranges of 120 km, due to radar beam broadening and nonuniform beam filling (e.g., Loney et al. 2002; Ryzhkov 2007) , we focus on observations within that range, specifically within 60 and 120 km. Examining the polarimetric variables within these ranges will not erase this limitation completely, but it should lessen the impact of such artifacts on our results.
b. Reanalysis output
Details of the atmospheric environment were obtained from North American Regional Reanalysis (NARR; Mesinger et al. 2006) output in this study. NARR provides atmospheric state variables over the CONUS at a horizontal resolution of 32 km, at 29 constant pressure 
levels in the vertical, and in 3-h increments (NCEP 2005) . NARR was chosen over other high-resolution analyses because of data archive longevity and reliability. Although not shown, the derived most unstable convective available potential energy (MUCAPE) field and the height of the environmental 08C level showed little difference from corresponding fields calculated using proximity soundings for a subset of the cases tested.
In this study, NARR profiles of temperature and specific humidity are used to compute MUCAPE, and the 08C-level altitude was retained for hydrometeor classification (discussed below) and for plotting purposes. Given that wind shear (and its interaction with the low-level cold pool) plays a significant role in the evolution, longevity, and intensity of MCSs (e.g., Weisman and Klemp 1982; Weisman et al. 1988; Rotunno et al. 1988) , NARR profiles of u and y wind components were used to compute the magnitude of the 0-6-km bulk wind shear parameter. Linear interpolation in space and time was used to match the NARR output to the radar observations. While poorly handled fronts and other discontinuities from linear interpolation could introduce errors to the analysis, no such instances were found in the cases analyzed here.
c. Radar echo classification
For classification of observed radar echo in this study, the ''storm labeling in three dimensions'' (SL3D; Starzec et al. 2017 ) algorithm was used. SL3D classifies echo into five categories: convective updraft, convection, precipitating stratiform, nonprecipitating stratiform, or ice-only anvil. SL3D utilizes Z H , Z DR , K DP , and the altitude of the environmental 08C level to classify the radar echo. Only the convective updraft, convection, and precipitating stratiform categories are used for analysis in this study. For simplicity, we combine the convection and convective updraft echo into a single convection category for analysis. SL3D classifications were produced for all of the merged radar data. These classifications were extracted in space and time to enable similar analyses of the singleradar observations.
d. MCS evolutionary stage classification
For analysis of the radar observations in this study, a quasi-objective method for classifying the life cycle of each MCS was employed. In particular, time series of the mean Z H 5 15 dBZ echo-top altitude within regions of SL3D-classified convection were subjectively evaluated to identify periods of increasing echo-top altitudes during the development of an MCS (the ''developing'' stage), near-constant echo-top altitudes following development (the ''mature'' stage), and decreasing echotop altitudes thereafter (the ''dissipating'' stage). An example of this classification approach is provided in Fig. 2 . The strict cutoff times for each life-cycle stage were perturbed by 63 h for each event to examine any subjective sensitivity. Modifications to the cutoff time within this window did not significantly change the results.
e. Hydrometeor classification algorithm
To provide a physical understanding of the bulk microphysics of MCSs from polarimetric radar observations, we employ a ''fuzzy logic'' hydrometeor classification algorithm (HCA) in this study. Although there are many HCAs that have been developed for S-band radars in the literature, which can provide differing representations of storm microphysics, we employ the operationally implemented algorithm designed specifically for NEXRAD WSR-88D instruments in this study (Park et al. 2009, hereinafter P09) . The P09 HCA uses six radar measurements-Z H , Z DR , K DP , r HV , the standard deviation (SD) of Z DR [SD(Z DR )], and SD(f DP )-to identify 10 different hydrometeor classes. The P09 hydrometeor classes are dry aggregated snow (DS), wet snow (WS), ice crystals of various orientation (CRY), graupel (GRA), big drops (BD), light-moderate rain (RA), heavy rain (HR), and rain-hail mixture (RH). In addition, two nonmeteorological classes are identified by P09: ground clutter/anomalous propagation (GC/AP) and biological scatters (BS). The reader is referred to Park et al. (2009) for more detailed information on the design of the P09 HCA.
For this study, a few modifications were made to the P09 algorithm to allow for better isolation of hydrometeor classes (see Table 2 ). Herein, we discuss the most important changes and modifications that best suit the datasets used. Since we have our own quality control algorithms that remove nonmeteorological echoes, the two standard deviation membership functions were omitted (because of their main importance in distinguishing between meteorological and nonmeteorological echoes). The confidence vector Q was set equal to 1, because we expect the random fluctuation errors in polarimetric fields to be averaged out over the large number of cases used, and the different radars and radar viewing angles should lead to no preferred bias for the geometry-dependent artifacts (see Homeyer 2014; Homeyer and Kumjian 2015) . However, setting Q equal to 1 for the single-radarbased analysis is an assumption we make and a risk we take for which artifacts, such as nonuniform beam filling, attenuation, and partial beam blockage, may be more prominent and skew the single-radar-based results. We are thankful that attenuation is not as likely for S-band radars, and we account for systematic Z DR biases using a ''natural scatter'' approach (see Homeyer and Kumjian 2015) . Graupel was also allowed to be classified in the stratiform region since previous in situ observations of the 3 June 1989 MCS and subsequent modeling studies (see Zrnić et al. 1993 ) did note the presence of graupel in the stratiform region. Wet snow was only allowed to be classified within 1 km of the 08C altitude given that 
previous studies (e.g., Zrnić et al. 1993; Fabry and Zawadzki 1995; Zhang et al. 2008; Andric et al. 2013) have shown the radar bright band is typically confined to within 1 km of the melting level. Last, we seek to create a pure hail class as to eliminate the rain-hail mixture class in P09. Since larger, nonmelting hail typically tumbles as it falls, the polarimetric return of ZDR should be close to 0 dB. We therefore restricted the ZDR membership function to a range of 0-1 dB. The authors are aware of the newest upgrades to the P09 HCA as discussed in Ryzhkov et al. (2013) and Ortega et al. (2016) ; however, we are only concerned with the presence of hail and not necessarily with the size of hail (which these papers address). This newly modified P09 HCA is applied to the NEXRAD WSR-88D observations. For analyses of convection, BD, RA, and HR are grouped into a single ''rain'' class. GRA, the modified hail class (HA), and CRY are left as separate classes (since DS classifications are not allowed within convective cores per P09). For analyses of stratiform regions, the CRY, DS, and WS classes are evaluated separately along with the rain class. It is important to note that the scattering properties of the hydrometeors and subsequent radar returns are what decide the hydrometeor classification. Therefore, the returned hydrometeor class classified by the HCA is considered the most dominant hydrometeor class. Although a certain hydrometeor class may be dominant at a specific location within a single storm at a specific time, that same hydrometeor class may not be the most frequently observed class over a larger collection of storms (and most certainly is not the only hydrometeor class present at any specific location). We therefore focus on the bulk, or overall frequency, of the hydrometeor classes over the collection of events.
Results
a. Observed radar variables
A common approach for examining bulk characteristics of polarimetric radar variables is contouredfrequency-by-altitude diagrams (CFADs; Yuter and Houze 1995) . In most prior studies, convection and stratiform regions are analyzed separately due to their well-known microphysical differences and vertical structure. Here, we examine convection and stratiform region CFADs of the four polarimetric variables available in the NEXRAD WSR-88D observations: Z H , Z DR , K DP , and r HV .
OBSERVED RADAR VARIABLES
CFADs of the NEXRAD WSR-88D polarimetric radar observations were computed for both the radar composites (1-km vertical resolution) and the singleradar observations (0.25-km vertical resolution). In these analyses, single-radar observations correspond to those within 60 km of the radar location. For each analysis, results are presented as a function of LLTS system evolution.
Convective source region CFADs from the radar composites and single-radar observations are shown in Fig. 3 . The observed Z H CFADs are generally characterized by frequency maxima at decreasing Z H values with increasing altitude, with nearly vertically oriented Z H distributions below the 08C level. Frequency maxima are highest and extend to larger Z H values below the 08C level during the mature evolutionary stage, with broader maxima at lower Z H during the developing and dissipating stages. The Z H distributions at altitudes above the 08C level extend to higher values during the developing stage, and incrementally shift to lower Z H during the mature and dissipating stages.
For the convective developing and mature stages, Z DR values are in excess of 2 dB within relatively modest Z H regions below the 08C level, which are indicative of large, oblate raindrops possibly in relatively low concentrations Ryzhkov 2009, 2012) . The K DP CFADs show similar characteristics below the 08C level with a maximum of ;18 km 21 , indicating small-to medium-sized drops (e.g., Hubbert et al. 1998; Straka et al. 2000; Loney et al. 2002; Kumjian 2013b 1) The SL3D algorithm was used for radar echo classification 2) SD(Z DR ) and SD(f DP ) membership functions were omitted 3) Set Q 5 1 4) Class GRA: Z H # 50 dBZ 5)
Use the 08C altitude provided by NARR 6) Class WS is allowed only within 1 km of the 08C altitude based on analyses of r HV 7)
Rain class is allowed no more than 4 km above 08C altitude 8)
Class GRA is allowed in stratiform regions 9)
The Z DR membership function is simplified to a range of 0-1 dB for the RH class to isolate hail (HA; our modified class) distributions in the 1-km layer immediately above and below the 08C level extending to a value of about 0.925. This reduction, collocated with enhanced Z DR above the 08C level, indicating mixed-phase hydrometeors, extends somewhat vertically and is skewed to altitudes above the 08C level likely indicating the extent of lofting and/or freezing of supercooled raindrops within the mixed-phase region (e.g., Hall et al. 1984; Caylor and Illingworth 1987; Brandes et al. 1995; Smith et al. 1999; Kumjian and Ryzhkov 2008; Kumjian et al. 2012 ). The vertical extent of reduced r HV values above the 08C level decreases as the LLTS system life cycle progresses. Stratiform source region CFADs from the radar composites and single-radar observations are shown in FIG. 3 . Polarimetric radar variable CFADs for convective regions of LLTS from (left) the merged NEXRAD WSR-88D observations and (right) a single-radar perspective. The 08C-level altitude is from NARR, and the altitude bin resolution is 1 km. The dashed black line in each panel represents the altitude of the 08C level, and profiles are binned relative to the environmental 08C-level altitude. Fig. 4 . Larger differences are found between the composite-based analyses and single-radar analyses in the stratiform region, especially with respect to the brightband signature below the 08C level. The brightband signature (i.e., maximum in Z H and Z DR or minimum in r HV just below the 08C level) arises from the large variability of irregular shapes/orientations of melting aggregates, and the subsequent differences in dielectric constants of water and ice (Austin and Bemis 1950) . Observed CFADs of Z H in the stratiform region are generally characterized by large frequency maxima at Z H , 10 dBZ aloft, with the diagonal structure of the maxima extending to higher Z H with decreasing altitude to the 08C level. The Z H CFAD slope and maximum Z H observed decreases at altitudes above the 08C level as the MCS life cycle progresses, indicating less growth (i.e., aggregation) as the convection weakens and less ice is detrained to the stratiform region. Similar to the convective region, observed CFADs in the stratiform region show FIG. 4 . As in Fig. 3 , but for the stratiform region of observed LLTS MCSs.
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the highest frequencies and highest Z H values below the 08C level during the mature stage. The Z H bright band is confined to the 0-1-km layer below the 08C level (most evident in the single-radar analysis). Observed Z DR CFADs in the stratiform region show broad maxima between 0 and 1 dB, with values generally less than 1.5 dB overall. The Z DR brightband feature is less pronounced than that for Z H and is only distinguishable at the lowest frequencies (or extreme values). Above the 08C level, Z DR distributions show maxima near 0 dB, indicating aggregates (e.g., Bader et al. 1987; Andric et al. 2013 ) at lower altitudes and broader distributions extending to values near 1 dB at higher altitudes, indicating the increasing prevalence of horizontally oriented pristine ice crystals aloft (e.g., Straka et al. 2000) . The Z DR distributions above the 08C level become broader as the life cycle progresses, again indicating a reduction in aggregation during the dissipating stage. Observed K DP CFADs within the stratiform regions show little variability in altitude or as a function of evolutionary stage, with the only notable signature being positive/ negative oscillations in the 0-1-km layer below the 08C level from single-radar observations. These oscillations have been attributed to backscatter differential phase shift in nonspherical particles (most often the result of resonance-sized nonspherical particles; Trömel et al. 2013 Trömel et al. , 2014 , which is not removed by the K DP processing algorithm here, and possibly nonuniform beam filling Ryzhkov 2007) . Observed r HV CFADs also show a clear brightband signature in the 0-1-km layer below the 08C level, with reductions to lower values in the single-radar observations.
b. Hydrometeor frequency profiles
To develop a more physical understanding of the bulk microphysics of LLTS MCSs (i.e., the typical vertical extent and prevalence of various hydrometeor classes), we examine the vertical distribution of hydrometeors in the following subsections. Profiles based on the modified P09 HCA are presented for the radar observations. Both the mean and standard deviation of the frequency of each hydrometeor class are shown to demonstrate the average classification quantity at a given altitude and inherent variability, respectively.
Hydrometeor frequency profiles based on application of the modified P09 HCA to the NEXRAD WSR-88D polarimetric radar observations were computed for both the radar composites (1-km vertical resolution) and the single-radar observations (0.25-km vertical resolution). In these analyses, two ranges of single-radar observations are analyzed: those within 60 and 120 km of the radar location. As done for the CFAD analyses, results are presented as a function of LLTS system evolution.
Convective and stratiform echo source region hydrometeor frequency distributions for the radar composites are shown in Fig. 5 . The observed hydrometeor profiles show a ''graupel nose'' feature within convection in a layer extending from the 08C level to ;5 km above. This graupel nose has been observed within tropical convection, but the vertical depth of the feature is smaller (Rowe and Houze 2014) . The depth (and overall frequency) of this graupel nose decreases as the evolutionary stage progresses, giving way to increasing frequencies of various ice crystals at higher altitudes. Rain hydrometeors are most frequently classified below the 08C level and ;10%-20% of the time in a layer up to 3 km above the 08C level within convection, similar to the results of Evaristo et al. (2010) and Barnes and Houze (2014) . Hail in the convective region is seldom classified. Although the prominence of hail is small in the overall frequency space, hail is more frequently observed in both the developing and mature stages in a shallow layer above the 08C level.
Hydrometeor frequency profiles in the stratiform regions reveal that graupel has marginal overall observed frequencies up to 10% of the time at altitudes ;1 km above the 08C level, with the largest frequencies found during the mature evolutionary stage. However, given the vertical resolution of the composites used in this study, it is possible that larger snow aggregates are being misclassified as graupel particles. The P09 membership functions for DS and GRA overlap for most of the polarimetric variables. Therefore, it is possible that the percentages shown for graupel above the 08C level may in fact be smaller. Further investigation is need for a more definitive answer.
Wet snow is classified up to 10% of the time within the 1-km layer immediately below the 08C level within stratiform precipitation. Last, a clear indication of the aggregation process is observed above the 08C level via the inverse relationship between high pristine ice crystal frequencies at high altitudes and the higher snow aggregate frequencies at altitudes just above the 08C level. The crossover point of the overall frequencies between these two classes decreases in altitude as the LLTS system life cycle progresses, possibly revealing differences in favored growth mechanisms or the size of ice crystals detrained from the leading convection. Figure 6 shows the hydrometeor frequency profiles for convection and stratiform regions from the single-radar observations within 60 and 120 km of a radar's location.
Results of the single-radar observations are comparable to those from the radar composites, with a few unique results. First, higher frequencies of graupel are classified at the expense of raindrops at altitudes below the 08C level within convective regions. Second, hail frequencies are slightly higher within convective regions in the single-radar observations, especially above the 08C level. Third, the vertical extent of elevated (supercooled) rain frequencies above the 08C level is deeper in single-radar observations within convection, with frequencies up to 10% at 4 km above the 08C level. Fourth, the crossover point in ice crystal/snow aggregate overall frequency in the stratiform region occurs at lower altitudes in the single-radar observations. Fifth, variability in the hydrometeor classification distribution is larger in the single-radar profiles. This may be due to fewer observations relative to the composites but could also be attributed to beam broadening or other artifacts.
c. Environment sensitivities
To assess the impact of environmental characteristics (i.e., MUCAPE and vertical wind shear) on LLTS MCS hydrometeor distributions using the radar observations, an approach to identify individual convective cores within the leading line of each LLTS MCS was required. To facilitate this analysis, local maxima of the 30-dBZ echo-top altitude were identified at each radar composite time as the centers of individual cores. All polarimetric radar variables and the modified P09 HCA classifications were then extracted within a 24-km radius of the core locations for analysis. The vertical distributions of the hydrometeor classes were calculated on a core-by-core basis using the HCA classifications within the 24-km circle, for which the results are presented below. Figure 7 shows the sensitivity of the frequency at which the rain, various crystals, graupel, and hail hydrometeor classes are observed within convective cores in altitude relative to the 08C level, color filled by the corresponding mean MUCAPE value. Color-filled boxes are shown only if the respective bin locations contained greater than 50% of the number of convective cores observed. Figure 7 demonstrates that, as MUCAPE increases, the overall frequency of graupel classifications above the 08C level increases and the frequency of various ice crystals decreases, which is in agreement with the result that is expected on the basis of the well-established relationship between riming and instability (i.e., the more unstable the environment is, the faster the upward motion within convection will be and the greater the supercooled water content above the 08C level will be, which is necessary for generation of graupel-and hail-via riming). For example, making FIG. 5 . Weighted mean hydrometeor frequency distribution profiles from HCA output using merged NEXRAD WSR-88D observations of all 34 LLTS system events, as a function of precipitation source (convective or stratiform) and evolutionary stage (developing, mature, and dissipating). Observations are binned relative to the environmental 08C-level altitude at 1-km resolution. The dashed horizontal line represents the 08C-level altitude. A frequency of 1 is equal to 100%. a transition from an environment characterized by 1500 J kg 21 of MUCAPE to one of over 2500 J kg 21 of MUCAPE yields an increase of graupel frequencies of greater than 50%. More-unstable environments also feature greater frequencies of liquid water above the 08C level than do weaker MUCAPE environments. However, there is an unexpected sensitivity found between hail and MUCAPE. In particular, Fig. 7 shows that the highest averaged frequencies of hail below the 08C level are found in relatively lower MUCAPE environments.
To develop a deeper understanding of the source of the apparent relationship between the hail classification frequency and MUCAPE, similar profiles, color filled by FIG. 6 . As in Fig. 5 , but for single-radar observations within a range of (top) 120 and (bottom) 60 km from the radar location. The altitude bin resolution is 0.25 km.
the four polarimetric radar variables, are shown in Fig. 8 . This analysis demonstrates that, regardless of hail frequencies above/below the 08C level altitude, Z DR and K DP increase with decreasing altitude and r HV decreases with decreasing altitude. In addition, Z H ranges from approximately 50 to 55 dBZ throughout, with the largest values found at higher frequencies of hail. Taken together, we expect these polarimetric signatures to indicate that, rather than moderate-to-large hail, the hail hydrometeors classified within LLTS MCSs in this study are predominantly small and melting, or may have already completely melted and subsequently are seeing a signature of large drops. In particular, the higher values of K DP as altitude decreases (up to 28 km 21 or greater) can be indicative of raindrop shedding from melting hail (Rasmussen and Heymsfield 1987; Hubbert et al. 1998) or large liquid drops that were formed from completely melted hailstones (Loney et al. 2002) .
To further test this hypothesis, convective cores were classified into ''small hail'' or ''moderate hail'' categories. In particular, a convective core containing hail was classified as small hail if HA classifications were not found within the lowest 2 km of the core and moderate hail otherwise. Figure 9 presents the MUCAPE sensitivity plots for rain, nonrimed ice, graupel, and hail hydrometeor classes for convective cores in each category. For moderate hail-labeled convective cores (which are relatively rare), the sensitivity of the hail classification to MUCAPE now agrees with the expected result (i.e., higher MUCAPE is associated with higher frequencies of hail classification). For small hail-labeled convective cores, the result mimics that in the analysis of all cores (Fig. 7) .
Vertical wind shear also plays a role in LLTS system hydrometeor distributions. Environments characterized by strong 0-6-km bulk shear greater than 40 kt (1 kt 5 ;0.51 m s 21 ) are associated with an increased production of rimed iced hydrometeors above and below the environmental 08C level, as shown in Fig. 10 . This sensitivity is strongest for hail. Figure 11 shows that convective cores labeled as moderate hail show consistent hail sensitivity to 0-6-km shear, with larger magnitudes than that observed both overall (Fig. 10 ) and in the small-hail cores. Differences in the sensitivity of the remaining hydrometeors to 0-6-km shear in small-and moderate-hail storms are qualitatively FIG. 7 . MUCAPE fill plots for individual storms within the convective region of mature LLTS systems. Each of the four boxes represents a hydrometeor class profile (rain, ice crystals, graupel, and hail), with the MUCAPE values corresponding to observed hydrometeor fractions within individual storms color filled at each altitude (relative to the environmental 08C-level altitude). The altitude bin resolution is 1 km and the frequency bin resolution is 0.05. A frequency of 1 is equal to 100%. similar to those found for MUCAPE. However, it appears from this analysis that vertical wind shear has a minimal impact on the presence of liquid water above the 08C level.
Summary and discussion
In this study, polarimetric radar observations, a novel radar echo classification algorithm, a hydrometeor classification algorithm, and a reanalysis dataset were leveraged to develop a deeper understanding of the observed bulk microphysics of leading-line trailingstratiform MCSs. These systems were also evaluated in light of their life cycle and the environment in which they form.
First, the polarimetric variables were analyzed. Convective precipitation in LLTS systems is generally characterized by Z H in the range of 30-50 dBZ, Z DR . 1 dB below the 08C level decreasing to near 0 dB above, K DP slightly greater than 18 km 21 below the 08C level, and a broad r HV reduction extending from 3 km below the 08C level to 6 km above it. Nonzero values for Z DR and K DP reveal more oblate raindrops are present, while aloft near-zero Z DR indicates more spherical particles. The broad r HV is most likely associated with the coexistence of ice and liquid precipitation. Stratiform precipitation in LLTS systems is characterized by slightly reduced values in Z H , Z DR , and K DP fields. As is to be expected, the greatest difference is within the r HV field and is attributed to the radar brightband signature. The brightband signature is more pronounced in the single-radar analysis than in the composite analysis, likely as a result of the increased vertical resolution. Vertical hydrometeor frequency profiles for the convective region revealed a prominent graupel-nose feature extending ;5 km above the 08C level, high rain frequencies below the 08C level, modest supercooled liquid frequencies of ;5%-10% of the time up to 4 km above the 08C level, and high frequencies of various ice crystals aloft approaching cloud top. In stratiform regions, dry snow aggregates were most frequently classified in a layer 0-5 km above the 08C level, while pristine ice crystals become the more frequently classified hydrometeor class at higher altitudes. Graupel was classified up to 10% on average in a shallow layer above and below the 08C level, while the rain class was the most frequently classified hydrometeor class below the 08C level. While there has been documentation of graupel above the 08C level within stratiform regions FIG. 8 . As in Fig. 7 , but for the hail hydrometeor class only and with the color fill corresponding to the mean values of the polarimetric radar variables Z H , Z DR , K DP , and r HV .
in previous studies, the percentages here may be slightly overestimated given the nearly identical membership functions for dry snow and graupel. In situ aircraft observations are likely needed to address this issue.
The observations were also used to show that the environment in which an LLTS MCS forms and traverses has a significant impact on rimed ice production within convection. In general, in more-unstable environments along with moderately strong 0-6-km vertical wind shear, increased graupel classification frequencies are seen at and above the environmental 08C level, whereas the opposite is true for less-unstable or lowershear environments. Hailstones are more frequently classified in higher-MUCAPE environments (as expected), but hail is rarely classified near the surface 
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within the analyzed MCSs. Most hailstones in these LLTS systems melt before reaching the surface, which is why the analysis of all convective cores mimics the small-hail core analysis in this study. The extent to which liquid hydrometeors are lofted is also greater for moreunstable environments, but little sensitivity of rain above the 08C level was found to the bulk shear. More liquid water above the 08C level would subsequently lead to more frequent riming, which is consistent with the observed increase in graupel for higher MUCAPE environments.
Our results show differences between continental LLTS MCSs and those in the literature (Rowe and Houze 2014; Barnes and Houze 2014) . Continental LLTS MCSs tend to have higher fractions of graupel and hail within the convective region compared to the oceanic MCSs associated with the MJO. The reasoning for this may be due to differences in the typical thermodynamic profile and convective intensity for each region. Stratiform regions were more similar between oceanic and continental MCSs in comparison with the convective region. Dry snow aggregates tend to dominate close to the 08C level, with more various ice crystals aloft. Graupel was found to be near the 08C level, although we are unable to comment on the spatial pattern of graupel as per Barnes and Houze (2014) .
It is important to note that the conclusions drawn from this study may be sensitive to the HCA employed. For example, this study could have been conducted using the NCAR particle identification (PID) algorithm (Vivekanandan et al. 1999) , which may have led to quantitative differences in the results. Thus, it is emphasized here that the understanding of the vertical hydrometeor frequency distributions developed using the NEXRAD observations should be primarily viewed in a qualitative sense. Future work is needed to evaluate the sensitivities of these results to the use of alternative HCAs and novel in situ observations.
The single-radar-based analyses should also be taken in more of a qualitative sense because of the assumption of Q being set equal to 1. While we would expect quantitatively different results with the full and newly updated HCA that is operationally implemented for NEXRAD instruments, we believe the qualitative results would be similar to those found here.
The use of a large number of polarimetric radar observations in this study has enabled an increased understanding of the bulk hydrometeor distributions within continental midlatitude LLTS MCSs. Such an increased understanding may lead to future improvements in the representation of microphysical processes within numerical models, along with tools used for model evaluation such as forward operators. The authors recommend that more studies of this kind be conducted, with potential foci of alternative modes of convection, tropical cyclones, and winter storms.
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